Alarm signals are widespread in the social insects. It is commonly accepted that such signals produce adaptive short-term aggressive or aversive responses in conspecifics, but the possibility that they could also lead to social learning about predator identity has not yet been addressed. Here we demonstrated that responses to alarm volatiles can lead to social learning about asocial stimuli in honeybees. Using a phototactic assay, we initially confirmed previous findings that alarm volatiles deter individuals from approaching a coloured light. When the same individuals subsequently experienced the coloured light in the absence of alarm volatiles, the same deterrent effect was observed, suggesting that responses to alarm volatiles became conditioned to the coloured light. Previous experience with the light in the absence of alarm cues did not induce this response, nor did previous association of alarm cues with a different coloured light. Our findings highlight that social insect signals can lead to social learning through a simple yet powerful associative mechanism. © 2016 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Almost all social animals perceive and respond to social stimuli that provide information about the environment, which may be social cues produced incidentally by other animals, or signals that have evolved specifically to promote sharing of information. Signals are particularly common in the social insects (von Frisch, 1967; Grüter & Leadbeater, 2014; H€ olldobler & Wilson, 2009; Saleh, Scott, Bryning, & Chittka, 2007; Seeley, 1998) , perhaps because senders benefit from sharing information with closely related colony members, promoting ritualization and amplification of informative cues (Leadbeater, 2015; Tinbergen, 1952) . Alarm signals are especially frequent, often driving coordinated aggression towards predators (Breed, Guzm an-Novoa, & Hunt, 2004; Jeanne, 1981; Parry & Morgan, 1979; Vinson & Sorenson, 1986) , or avoidance of particular sites (Balderrama et al., 1996; Sasaki, H€ olldobler, Millar, & Pratt, 2014) . Here, we show that alarm volatiles do not simply elicit immediate stereotyped response behaviour, but could also lead to social learning about stimuli that predict threat in the honeybee.
Honeybee nests face robbing and predation from a variety of animals, such as mammals (e.g. badgers and humans) and predatory insects (e.g. wasps and hornets). Stings that are directed to such threats lead to the release of a distinctive alarm volatile, to which conspecifics respond by approaching and attacking the potential predators (Blum, Fales, Tucker, & Collins, 1978; Boch, Shearer, & Petrasovits, 1970) . Bees also encounter threats when alone and away from the nest, such as camouflaged crab spiders that wait for pollinators upon flowers (Chittka, 2001), and there is evidence that the presence of recently killed bees at forage sites is a deterrent (Dukas, 2001) . Goodale and Nieh (2012) have demonstrated that this effect can be elicited by sting gland contents and Balderrama et al. (1996) found that bees are deterred from entering areas where a conspecific has recently been disturbed, even when the conspecific is no longer present. Sting gland pheromones may serve to dissuade relatives from visiting a dangerous location, an effect that can be amplified through signals within the hive (Nieh, 2010) . Although these immediate responses have obvious shortterm adaptive functions for individuals responding to the deterrent, learning about the contextual cues that initially elicited their production might also prove useful. For example, through encountering alarm volatiles, individual bees might learn about the visual appearance of a predator, or the scent of a flower species that typically hosts high sit-and-wait predator densities. 
